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Hydrogen/deuterium (H/D) exchange reactions of fluorophenyl and difluorophenyl anions
(C6H4F
2, o-C6H3F2
2, m-C6H3F2
2, p-C6H3F2
2) have been studied using the flowing afterglow-
selected ion flow tube technique. The C6H4F
2 anion exchanges all hydrogens for deuterium
upon reaction with D2O. The difluorophenyl anions o-, m-, and p-C6H3F2
2 exchange three, two,
and one hydrogen, respectively, with D2O, whereas they undergo one, two, and three H/D
exchanges, respectively, with CH3OD. The structures of the anions and the isotope exchange
dynamics within the intermediate ion–dipole complexes are discussed using ab initio
molecular orbital calculations. Calculated values for the proton affinities of the most stable
anions are 385.2, 378.0, 371.9, and 378.2 kcal/mol for C6H4F
2, o-C6H3F2
2, m-C6H3F2
2, and
p-C6H3F2
2, respectively, in excellent agreement (within 2 kcal/mol) with the previous
experimental values for the acidities of the corresponding fluorobenzenes. The H/D exchange
results are explained by the energy differences of the intermediate DO2 and CH3O
2 species
within the ion–dipole complexes; CH3O
2 is mobile within the “hot” intermediate complex,
whereas DO2 is nearly “frozen” within the complex and cannot migrate across the barriers
caused by the fluorine atoms or by the p electrons. (J Am Soc Mass Spectrom 1999, 10,
840–847) © 1999 American Society for Mass Spectrometry
Hydrogen/deuterium (H/D) exchange reactionsof gas phase ions have been extensively stud-ied and have proven to be powerful tools for
the elucidation of ion structures [1–8]. As a result of
such studies, we developed a general mechanism for
H/D exchange which has been able to account for the
extent of exchange observed, as well as the relative rates
of incorporation of deuterium into an exchanging anion
[5–7]. We suggested that the exchange occurs as fol-
lows. A carbanion 1 attracts an exchange reagent, for
example D2O, by ion–dipole and ion–induced dipole
interactions, until they enter into a relatively long-lived
ion–dipole complex 2 which is “hot” by virtue of the
complexation energy. The amount of this excess energy
varies with the nature of the carbanion and exchange
reagent but is typically 10–20 kcal/mol [9].
Within this complex an endothermic deuteron trans-
fer may occur to form 3 provided that the endothermic-
ity of the transfer does not exceed the complexation
energy. In the process the resulting complex is
“cooled.” If R2CH
2 is a weaker base than DO2 (i.e., the
deuteron transfer is endothermic), this complex cannot
dissociate to its components. By the exothermic transfer
of a proton to form 4, the initial complex is regenerated
with exchange, the original complexation energy is
regained, and the components can dissociate to 5 and
HOD.
Consider the specific example of exchange in the
benzyl anion [1]. Since DHacid of toluene is 381 kcal/mol
and that of water is 391 kcal/mol [10], the benzyl anion
is less basic than HO2 by 10 kcal/mol. Therefore, when
C6H5CH2
2 is allowed to react with D2O, the two ben-
zylic hydrogens exchange for deuterium. By contrast,
DHacid for acetone is 369 kcal/mol, making the acetone
enolate ion 22 kcal/mol less basic than HO2. This
difference exceeds the complexation energy and when
CH3COCH2
2 is allowed to react with D2O, there is
insufficient energy available to fuel an endothermic
deuteron transfer within the complex and no H/D
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exchange occurs [2]. However, if CH3OD
[DHacid(CH3OH) 5 381 kcal/mol] is used in place of
D2O, exchange of all five hydrogens in the enolate is
observed. H/D exchange within even more weakly
basic carbanions can be observed by using even more
acidic exchange reagents, for example CF3CH2OD. Thus
the numbers of hydrogens which exchange and the
reagent which brings about the exchange both give
clues as to the structure of the anion.
D2O differs profoundly from alcohols as a reagent
for H/D exchange because it brings two deuterium
atoms into the initial reaction complex. This may allow
multiple proton-deuteron transfer steps whereby two
deuterium atoms are incorporated during a single en-
counter between a carbanion and D2O.
Thus D2O may accomplish in one step what ROD does
in two [11]. In addition, under suitable circumstances
D2O can exchange hydrogen atoms within anions
which alcohols cannot exchange [12]. Consider the
reaction of the o-fluorophenyl anion 6 with D2O (eq 3).
Complexation and deuteron transfer leads to 7. Because
the deuteron transfer is only slightly endothermic there
is sufficient energy for DO2 to abstract a less acidic
proton to give, for example, 8. This complex cannot
dissociate because the overall reaction would then be
endothermic; however, a thermoneutral process results
from deuteron transfer to form 9 and abstraction of the
ortho proton to form 10. In the process two hydrogens of
different acidities are exchanged. Upon further reaction
with D2O the remaining hydrogens are exchanged [13].
Such exchange reactions of less acidic hydrogens, first
discovered by Squires et al. [12] and later referred to as
“extraordinary” exchange, are not possible when alco-
hols are used as exchange reagents.
Recently Chan and Enke [14] reported a very inter-
esting and useful method by which various isomeric
dihalobenzenes can be distinguished mass spectro-
metrically by H/D exchange. They observed that when
the anions derived by proton abstraction from ortho,
meta, and para dihalobenzenes are allowed to exchange
with D2O or ND3 in the gas phase, the ortho isomer
exchanges all three of its hydrogens, the meta isomer
exchanges two hydrogens, and the para isomer ex-
changes only one hydrogen as shown below.
These results are unexpected based on the mechanism
proposed above. Although the ortho anion exchanges all
hydrogen atoms as expected by analogy with fluoro-
benzene, the meta isomer exchanges only two hydro-
gens and leaves the most acidic hydrogen intact. In the
para anion, once a deuteron is added in the initial
complex all three hydrogens have identical acidities
(neglecting a small deuterium isotope effect) and all
three might be expected to exchange.
To account for these results Chan and Enke noted
that the hydrogens which undergo exchange are con-
tiguous and are either adjacent to the carbanionic center
or can become adjacent as exchange progresses. They
therefore suggested that exchange occurs by a cyclic
mechanism in which a deuteron is added to the carban-
ionic center and an adjacent proton is simultaneously
removed (eq 7).
We were especially interested in these results be-
cause they allowed us to prepare some specifically
labeled difluorophenyl anions directly in our instru-
ment [15] for an ongoing investigation of the elimina-
tion of HF from such species [16]. During the course of
these studies we also employed CH3OD as an exchange
reagent, and the results have led us to propose a new
mechanism to account for the exchange patterns ob-
(2)
(3)
(4)
(5)
(6)
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served in these anions. These results, together with
theoretical calculations, are reported in this article.
Experimental
Gas Phase H/D Exchange
Gas phase H/D exchange reactions of fluorophenyl and
o-, m-, and p-difluorophenyl anions were studied using
the tandem flowing afterglow-selected ion flow tube
(FA-SIFT) instrument, which has been described in
detail elsewhere [17].
Anions were generated in the source flow tube by
using proton abstraction reactions with HO2 of fluoro-
benzenes from commercial sources (fluorobenzene
(99%), o-difluorobenzene (98%), m-difluorobenzene
(99%), and p-difluorobenzene (99%)). The anions were
mass selected by a quadrupole mass filter and injected
through an orifice into the reaction flow tube main-
tained at 0.48 torr helium pressure, where multiple
collisions with the buffer gas cool the injected anions to
room temperature. The anions were then subjected to
H/D exchange reactions with gaseous D2O or CH3OD,
which was added downstream. Product ions were
analyzed with a detection quadrupole mass filter at the
end of the reaction flow tube. The relative yields of
H/D exchange products were obtained after minor
corrections for the natural abundance of 13C.
Computational Methods
Ab initio molecular orbital calculations were performed
using Gaussian 94 [18]. The site-specific proton affini-
ties (PAs) of fluorophenyl anions were calculated at the
MP4(SDQ)/6 2 31 1 G*//MP2/6 2 31 1 G* level of
theory. The structures of (p-difluorobenzene 1 X)2
(X 5 HO, CH3O) intermediate complexes were opti-
mized at the HF/3 2 21 1 G* level of theory and the
final energies were calculated at the MP4(SDQ)/6 2
31 1 G* level. In constructing potential energy dia-
grams for H/D exchange reactions, the energies of the
fluorobenzenes and fluorophenyl anions were recalcu-
lated at the same level of theory as that used for
computations of the intermediate species. In all calcu-
lations, zero point energies (ZPEs) were computed at
the HF/3 2 21 1 G* level of theory with the scale
factor taken as unity.
Results and Discussion
Our results for the H/D exchange reactions are sum-
marized in Table 1. With D2O as the exchange reagent,
our results are identical to those of Chan and Enke.
However, with CH3OD, which had not been studied by
Chan and Enke, the exchange patterns are strikingly
different than with D2O. For example, the anion from
o-difluorobenzene, which exchanges three hydrogens
with D2O (eq 4), exchanges only one with CH3OD
(eq 8).
The meta isomer, which exchanges two hydrogens with
D2O (eq 5), also exchanges a maximum of two hydro-
(7)
Table 1. Gas phase acidities of fluorobenzenes and the extent
of H/D exchange for the corresponding deprotonated anions.
Calculated proton affinities of fluorophenyl anions are also
shown
aFT-ICR measurements of Bu¨ker et al. [19].
bThis work. Maximum number of hydrogens exchanged in fluorophe-
nyl anions.
cThis work. Proton affinities calculated at the MP4(SDQ)/6 2 31 1
G*//MP2/6 2 31 1 G* level of theory. Zero point energies calculated at
HF/3 2 21 1 G* with the scale factor taken as unity.
dN/A designates not applicable. Deuteron abstraction from CH3OD
observed. CH3OD is more acidic than fluorobenzene; DHacid(CH3OD) 5
382.6 kcal/mol calculated from the reported value of DHacid(CH3OH)
([10]) and the difference in ZPEs which we calculated for CH3OH and
CH3OD.
e25% of the ions exhibit no exchange.
f25% of the ions exhibit no exchange. 67% of ions are persistent as
monodeuterio anions and 8% are found as dideuterio anions.
(8)
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gens with CH3OD. However, the singly exchanged
species (1D, eq 9a) was persistent and only a minor
fraction becomes dideuterated (2D, eq 9b), with the
2D/1D ratio being ’1:8.
The para isomer, which exchanges only a single hydro-
gen with D2O (eq 6), exchanges all three with CH3OD
(eq 10).
Although the cyclic mechanism proposed by Chan
and Enke can account for the exchange pattern ob-
served with D2O, it cannot do so for CH3OD. In
addition, we were aware of a number of examples of
carbanions in which nonadjacent hydrogens exchange
even with D2O. For example the mesitylene anion
exchanges all eight of its benzylic hydrogens (eq 11).
We have therefore attempted to develop an alternative
mechanism which can explain the results reported
above and which would still be consistent with our
previous mechanism.
Our proposed mechanism, in broad outline, is as
follows and is illustrated first for the para anion with
D2O. The anion and D2O form a complex 11 with
approximately 20 kcal/mol complexation energy. An
endothermic deuteron transfer reaction occurs to form
12, significantly cooling the complex. The DO2 is now
trapped on one side of the p-difluorobenzene molecule,
and cannot access the side with two hydrogen atoms.
DO2 cannot cross directly over the ring (above or below
the plane of the paper) as it is repelled by the p
electrons. DO2 cannot migrate along the edge of the
ring, as it is repelled by the nonbonding electrons of the
two fluorine atoms. Hence only the sites on the same
side of the ring are available for reaction and only a
single exchange is observed.
This hypothesis can explain all the exchange results
for D2O. For the anion from o-fluorobenzene, all the
hydrogen atoms can be replaced by deuterium by a
combination of normal and “extraordinary” exchange
as they can be for the fluorophenyl anion (eq 3). In the
case of m-difluorobenzene we find that two different
anions are formed upon proton abstraction; when ex-
cess D2O is added about 75% of the ions exchange,
whereas the remaining 25% do not. These nonexchang-
ing ions must have the anionic site between the two
fluorine atoms as shown in eq 13.
In the anion which does exchange, the two exchange-
able hydrogens will be available to the DO2 along the
edge of the ring, but the much more acidic hydrogens
between the fluorine atoms will be screened from the
base (eq 14) as in the para anion.
To see if this hypothesis is reasonable, we carried out
a series of ab initio molecular orbital calculations to
explore the potential energy surface of the exchange
reaction. Recently Bu¨ker et al. [19] have measured the
gas phase acidities of fluorobenzene and the o-, m-, and
(9a)
(9b)
(10)
(11)
(12)
(13)
(14)
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p-difluorobenzenes using a Fourier transform ion cyclo-
tron resonance spectrometer. These experiments, of
course, measure only the acidities of the most acidic
site(s) in the molecule, presumably those which are
closest to the fluorine atoms. We were interested in the
acidity of each of the hydrogens in these molecules and
when we obtained good agreement between theory and
experiment for the most acidic sites we had confidence
that our calculated acidities for the other sites are
acceptable. As the results given in Table 1 show, at the
MP4(SDQ)6 2 31 1 G*//MP2/6 2 31 1 G* level of
theory our calculated values agree with the experimen-
tal values to within 2 kcal/mol [20]. As expected, the
most acidic hydrogen(s) are indeed those closest to the
fluorines and the hydrogen in m-difluorobenzene be-
tween the fluorine atoms is the most acidic of all.
We then calculated the energies of the ion–dipole
complexes of p-difluorobenzene (Table 2). First we
discuss the complexes with the hydroxide ion along the
edge of the ring (Figure 1A,B) and also over the ring.
For the edge structures we found a shallow minimum
near all of the hydrogens with easy movement of the
HO2 along the edge between the two hydrogens. Either
hydrogen can easily be extracted. Structure A may
correspond to the intermediate for the mechanism pro-
posed by Chan and Enke (eq 7). We also found a
transition state for the HO2 species to cross over the
ring (Figure 1C) which lies about 13 kcal/mol higher in
energy than the edge structure. We were not able to find
a transition state for HO2 to pass the fluorine atoms;
regardless of the orientation of the HO2 species, the
surface becomes repulsive as HO2 approaches fluorine
and at any distance leads to dissociation of HO2. This,
of course, is endothermic and cannot occur.
The results of our calculations are shown graphically
in Figure 2. The reactants, i.e., the separated species
p-C6H3F2
2 and H2O, are assigned the reference energy of
0 kcal/mol. It is important to recognize that the total
energy of the reaction system remains at this level
throughout, although its partitioning among various
types of energy (e.g., kinetic energy, bond energy, etc.)
changes as the reaction proceeds. This is shown by the
dashed horizontal line in the figure. The species from
which the reactants are formed, namely p-C6H4F2 and
HO2, are also shown on the graph. These lie 13 kcal/
mol higher in energy, reflecting the difference in acidity
between p-C6H4F2 and H2O.
The reactants now enter into an ion–dipole complex
and an endothermic proton transfer occurs to form A, the
edge structure of Figure 1. This structure lies 7 kcal/mol
below the entrance channel and so is readily accessible
energetically. The exact energy of the initial ion–dipole
complex is not important but presumably lies about 13
kcal/mol below A, also reflecting the difference in
acidities of the two neutrals, p-C6H4F2 and H2O, and is
shown as a heavy dashed line.
Table 2. Ab initio energies and imaginary frequencies of the systems involving p-C6H4F2 and p-C6H3F2
2 species
Species
Imaginary
freq. (cm21)a
Energies (kcal/mol)b
HF/3 2 21 1 G* MP4c MP4d
H2O system
p-C6H3F2
2 1 H2O N/A 0.0 0.0 0.0
[2501.05201]e [2505.06780]e [2505.06952]e
p-C6H4F2 1 HO
2 N/A 13.08 13.30 12.99
[2501.03117] [2505.04661] [2505.04882]
Ag N/A 210.54 26.90
[2501.06880] [2505.07879]
Bg 29.46i 210.50 27.30
[2501.06874] [2505.07943]
Cg 70.19i 5.75 5.91 5.28f
[2501.04284] [2505.05838] [2505.06110]f
CH3OH system
p-C6H3F2
2 1 CH3OH N/A 0.0 0.0 0.0
[2539.81303] [2544.18538] [2544.18849]
p-C6H4F2 1 CH3O
2 N/A 2.91 1.05 0.38
[2539.80840] [2544.18370] [2544.18789]
Dg N/A 219.33 217.84
[2539.84384] [2544.21381]
Eg 73.13i 24.42 26.51
[2539.82008] [2544.19575]
aAt the HF/3 2 21 1 G* level of theory. N/A designates minimum-energy structures with no imaginary frequencies.
bRelative to p-C6H3F22 1 H2O or p-C6H3F22 1 CH3OH, respectively. Absolute energies in hartree also shown in square brackets. ZPEs at the HF/3 2
21 1 G* level of theory with the scale factor taken as unity.
cAt the MP4(SDQ)/6 2 31 1 G*//HF/3 2 21 1 G* level of theory.
dAt the MP4(SDQ)/6 2 31 1 G*//MP2/6 2 31 1 G* level of theory.
eThe reference energy has been adjusted to DHacid(H2O) 5 391.24 kcal/mol calculated at the MP4(SDTQ)/6 2 311 11 G**//MP2/6 2 31 1 G* level
of theory [23]. The raw, unadjusted energies are 2501.03871, 2505.05717, and 2505.05974 hartree, respectively.
fBased on a near-optimized geometry.
gSee Figure 1.
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We have already shown in Table 2 that structure C,
the transition state for HO2 crossing over the ring, lies
a further 13 kcal/mol above A. This places the transi-
tion state 6 kcal/mol above the entrance channel and
therefore, although there is a pathway for the anion to
cross over the ring, this pathway is not accessible
energetically to HO2. Thus the hydroxide ion is trapped
on one side of the ring and only a single hydrogen can
exchange.
Our calculations therefore support our hypothesis
that electrostatic repulsion between the hydroxide ion
and the ring electrons can explain the exchange patterns
observed when D2O is the exchange reagent. How then
can we account for the results when CH3OD is used
instead, because, as the calculations in Table 2 show, the
difference in energy between a methoxide ion bound at
the edge (Figure 1D) versus over the ring (Figure 1E) is
nearly as large (11 kcal/mol) as the analogous differ-
ence for HO2 (13 kcal/mol)? The key lies in the fact, as
illustrated graphically in Figure 3, that although both
initially formed ion–dipole complexes have essentially
the same amount of complexation energy available, the
complex with D2O must “consume” about 13 kcal/mol
when transferring the proton from oxygen to carbon.
This raises the energy of both A and B and pushes C
above the entrance channel. In contrast, when metha-
nol, which is 10 kcal/mol more acidic than water, is the
exchange reagent, only about 1 kcal/mol is needed to
effect the proton transfer, giving rise to a “hotter”
complex D which contains sufficient internal energy to
cross the ring and hence exchanges all three hydrogens.
We examined the efficiency of the methoxide ion
crossing over the aromatic ring. The 1,4-difluorophenyl
anion was first deuterated with CH3OD in the source
flow tube and the 1D anions were mass selected and
injected into the reaction flow tube, where D2O was
added (eq 15). A monodeuterated anion was persistent
and unreactive with D2O, reflecting the presence of 13.
However, substantial amounts of 2D anions were also
formed, reflecting the presence of 14 and 15. This result
Figure 1. HF/3 2 21 1 G* structures of (p-difluorobenzene 1
X)2 intermediate complexes (X 5 HO, CH3O).
Figure 2. Energy diagram for (p-difluorobenzene 1 HO)2 sys-
tem at the MP4(SDQ)/6 2 31 1 G*//HF/3 2 21 1 G* level of
theory [23]. The energy level of the water complex (heavy dashed
line) is schematically shown. The dashed lines that extend above
the entrance channel indicate that structure C is not energetically
accessible.
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indicates that the crossover of the methoxide ion is
fairly efficient; 2D anions would not be observed if the
crossover were a rate-determining step and the 1D
species from the CH3OD deuteration were predomi-
nantly 13.
With this principle in mind, we can interpret the
exchange patterns observed with CH3OD, especially if
we note that CH3OD can only exchange hydrogens of
identical acidity because it brings into the complex only
a single deuterium atom. For example, only a single
deuterium is incorporated into the o-difluorophenyl
anion (eq 8) in contrast to the three deuteriums incor-
porated by D2O (vide supra). In the case of m-difluoro-
benzene, those anions with the negative charge between
the fluorine atoms (;25%) are not expected to ex-
change. As for the remaining 75%, most add a single
deuteron, lose the most acidic proton, and cease ex-
changing (eq 16). Occasionally a second deuterium is
incorporated by the pathway shown in eq 17.
We were able to test this hypothesis in two ways.
First we added D2O to the source flow tube where the
anion was being formed and allowed exchange to
occur. We then selected and injected the dideuterio
anion (eq 18), which based on our mechanism has
structure 17.
CH3OD was added to the reaction flow tube and a third
exchange was observed, as predicted.
In the second experiment we added CH3OD to the
source flow tube and again selected and injected the
dideuterio anion. Our mechanism predicts the isomeric
structure 18 for this anion. Addition of D2O to the
reaction flow tube did not induce any further exchange
and addition of H2O did not remove deuterium from
the anion. These experiments confirm our structural
assignments.
In summary, these results reveal a new dimension of
gas phase H/D exchange reactions. On the one hand,
they caution against a simple interpretation of structure
based solely on the extent of H/D exchange, especially
in carbanions containing electron-rich groups. On the
other hand, they provide the opportunity for specifi-
cally labeling certain carbanions which may subse-
quently be used to investigate gas phase ion mecha-
nisms. We will report examples of this application in a
future publication [24].
Figure 3. Energy diagram for (p-difluorobenzene 1 CH3O)
2
systems at the MP4(SDQ)/6 2 31 1 G*//HF/3 2 21 1 G* level
of theory. The energy level of the methanol complex (heavy
dashed line) is schematically shown. The energy level with an
asterisk is also schematically shown in analogy with Figure 2.
(15)
(16)
(17)
(18)
(19)
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